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Abstract
The Churchill lab working within the Physics Department at the University of Arkansas
is working to create important quantum states including weak topological insulators (TIs)
through the use of symmetry engineering and topological electronic states in two-dimensional
(2D) crystals of WHM materials. Experimental results of these topological states have been
obstructed due to the difficulty to perform controlled in situ strain. This project strives to create a
mount to utilize a piezoelectric nanopositioner within cryostats achieving an in situ strain that
creates the quantum states the lab is looking to observe. This report also examines the necessary
equations to determine the strain that is placed on the 2D crystals. The design and fabrication of
the mount is completed with the main aspects of the design to be functional. However, there are
concerns with the mount’s effectiveness within the cryostats. These concerns are addressed and
further designs are fabricated to resolve the problems.
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1. Introduction
The main focus of the Churchill lab is to explore the relations between symmetry and
topological electronic states, specifically in topological semimetals of the WHM family [1].
WHM materials (W = Zr, Hf, or rare earth metals; H = Si, Ge, Sn, Sb; M = S, Se, Te) are layered
and capable of being made into 2D flakes. A topological transition is caused by breaking the
symmetry of a material transferring the quantum state of said material [1]. Controlled symmetric
engineering is needed to create the new quantum states of matter, and this project focuses on
creating weak topological insulators (TIs) by placing strain on the material in precise increments.
The development of these different quantum states will promote quantum transport of
information and device applications. These device applications include electronics; spintronics,
the study of intrinsic spin of electrons; optoelectronics, such as LEDs and optic fiber cables; and
quantum information [2].
The topological non-trivial electronic states created through the strain put on the WHM
can be described by Dirac or Weyl equations [1]. TIs maintain Dirac boundaries that present
themselves in Dirac Cones, and where
these Dirac Cones cross is called
nodal-point or nodal-lines shown in
Figure 1. Further gapping these nodal
lines by breaking the crystal structure
through the uniaxial strain, a weak TI

Figure 1. Nodal-Line

state should then exist within WHMs such as ZrSiS similar to ARPES experiments [3]. Many
theoretical efforts have been made predicting this phenomenon, however, few have presented it
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experimentally. The objective of this project is to build a controllable in situ strain application
device for the 2D samples discussed.

2. Background
2.1 WHM Materials
Within the WHM family, we are concerned about placing uniaxial strain on single
crystals of ZrSiM (M = S, Se, Te) and observing the controllable lattice deformations that are
caused. The 2D flakes will be made in the lab where they have experience with the materials in
question [4, 5]. The growing of the single crystals has been completed using Chemical Vapor
Transport (CVT) and the flux method. These flakes being already on-hand allows for these
symmetry-breaking strain studies to be readily conducted. These materials are also desirable in
characterizing the structural deformation when strained because they lack a topologically trivial
Fermi surface [6, 7], which is essential for realizing 2D TI states. This allows for the study of
electronic properties in the potential weak TI state via quantum transport. Those in the lab and
working on this overall project have had experience using Raman spectroscopy to determine the
crystal orientation of ZrSiS [8], and this will be implemented onto the rest of the ZrSiM flakes.
The 2D flakes will need to sit on a flexible substrate to allow for optimum results of
strain. Polyethylene terephthalate (PET) has often been a favorable underlying surface, however,
PET becomes brittle when strained at temperatures below 50 K [9]. Since, the strain study will
be conducted in cryostats reaching just a few degrees kelvin, Kapton will be used to support the
flakes. Kapton has been found to uphold strains of almost 10% at 4.2 K [10], and the device in
this project will cause strains slightly over 2%, shown in simulated tests in section 4. Kapton is
also desirable when used at extremely low temperatures because of its relatively low coefficient

3

of thermal expansion (CTE) compared to other polymers [11]. The low CTE is ideal, so the
kapton does not stretch with the occurrence of great changes in
temperature.
There have been several other studies that have analyzed
2D materials under strain focusing on graphene, transition-metal
dichalcogenides,

and

black

phosphorus

[12-16].

They

successfully found various applications for the thin materials such
as band gap engineering, flexible electronics operating at radio
frequencies,

and

optoelectronic materials.

Earlier

studies

exfoliating thin flakes of ZrSiM from this lab have found they

Figure 2. Van der Waals[19]

are environment-sensitive. Thus, the lab has expertise in encapsulating the vulnerable 2D
materials using van der Waals Heterostructures such as hexagonal boron nitride [17, 18]. Van der
Waals heterostructures are planes of 2D crystals stacked on top of each other, shown in Figure 2,
to protect the vulnerable substance [19].

2.2 Piezoelectric Device
Mechanical cantilevers have been used to strain
bulk samples by applying uniaxial strain, however, they are
not in situ [20, 21]. Therefore, the best way to apply
controllable strain in situ to the substrates is using a
nanopositioning piezoelectric device [22]. The piezo stage
will be situated with the Kapton in a way that could place
Figure 3. Piezoelectric Device [24] both tensile and compression strain on the 2D crystals. In a
very similar study, flexible 2D material was successfully strained to tune the electronic structure

4

by applying precise uniaxial tensile strain through the use of a comparable cantilever system
[23]. Piezoelectric devices allowing the meticulous movements and compatibility with physical
property measurement systems (PPMS) are commercially available and have been obtained for
the use of this project. Figure 3 shows the piezo stage that will be used for this study. The use of
a piezo stage device in a cryostat will provide the main constraints, such as maximum load and
extension [24], for the design of the mounting system.

2.3 Analytical Strain Calculation
The following equations are from the analysis of a cantilever beam described in the
Mechanics of Materials textbook written by Beer et al [25].
First the deflection of the cantilever is determined by the geometry of the cantilever beam
and the load being placed to cause strain. Since the beam is uniform and the load is a point load
at the end of the beam (x=0), the displacement equation is derived to be:

δ=

𝑃
6𝐸𝐼

3

2

3

(− 𝑥 + 3𝐿𝑥 − 2𝐿 )

(1)

3

δ𝑚𝑎𝑥 =−

𝑃𝐿
(2)
3𝐸𝐼

P represents the point load at the end of the beam and L is the length of the beam. E is the
modulus of elasticity of the material of the beam, and I is the moment of inertia of the cross
section about its neutral axis. The product EI is the flexural rigidity and is constant because of
the beam’s uniform shape and material.
The bending moment and stress due to the bending are calculated as follows.

𝑀(𝑥) = 𝑃(𝐿 − 𝑥) (3)
ε(𝑥) =

𝑀(𝑥)*𝑦
(4)
𝐸𝐼

Rearranging equations 2, 3, and 4 to calculate the deflection with relation to strain:
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ε(𝑥) =

𝑃
𝐸𝐼

𝑃
𝐸𝐼

ℎ
2

*

=

(𝐿 − 𝑥) (5)

2ε(𝑥)
(6)
ℎ(𝐿−𝑥)
2

δ =
ε=

2𝐿
3ℎ(1−𝑥/𝐿)
3ℎδ
2

2𝐿

(1 −

ε(𝑥) (7)
𝑥
𝐿

) (8)

Equation (8) also agrees with equations used to calculate strain in similar studies [23, 26].

3. Design Process
3.1 Functional Specifications
The following functional specifications have been established by the lab:
○ Must be able to mount to both PPMS
○ Less than 2 inches in diameter
○ Less than 3 inches in height
○ Maximum Load: 200 grams
○ Maximum Dynamic Force: 5 N
○ Material must work at extremely low temperatures, ~10 mK
○ 2D Material can be loaded and unloaded without taking off whole device
○ Easy and quick implementation onto PPMS
The sizing of the mounting device is limited by the size of the sleeve that encases the
device and material when they are in the PPMS. The maximum load and dynamic force allowed
was determined by the specifications given by the developer of the piezo stage used [24]. The
low temperatures are necessary to best observe the reaction of the material as uniaxial strained is
applied to it.
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3.2 Preliminary Designs
Figure 4 shows the rough sketch given by
the lab of what they are expecting from the
mounting device. The WHM crystal is placed on the
Kapton, and it is moved in a uniaxial direction using
the piezo stage to put compressive or tensile strain
on it. With the basic premise of the device
understood,

the main challenge comes from

designing how to mount the device while executing
the functional specifications. Three different design

Figure 4. Schematic of Device [1]

ideas consisting of differing qualities were developed to begin getting ideas of how the device
was to be implemented. The designs were further refined to find the advantages and
disadvantages of each design. All of the preliminary designs were based on the mounting system
being actualized onto the PPMS that uses a “fork” to attach equipment because this is the more
difficult of the two cryostats to mount to.

3.2.1 Preliminary Design 1
The first design idea utilizes the edges of the fork to clamp the fork to a platform. The
platform holds the piezo stage by fastening it to the other side of the clamp and using screws that
go through the bottom of the nanopositioner. In this design, the 2D material is fixed on an
extension from the platform, and it is clamped using a nut and bolt that would go through the red
pieces in the drawing representing this clamp. The “fin” is then moving vertically with the piezo
stage to place a strain onto the material similar to a cantilever beam. This clamping system is not
ideal as it would be difficult to machine, and it is not the most secure way to hold the piezo stage.
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The clamps on the fork have the possibility of
slipping when the device is in action which would be
damaging to the system if it were to fall apart while
in use. Also, this system does not utilize the space in
between the fork which could make it more difficult
to fit within the design constraints. The design places
the desirable strain on the material, and the fin would
be adjustable as there are many places the fin can be
Figure 5. Preliminary Design 1

screwed into the top of the piezo stage. This variability

would be an advantage as it gives the lab more control over the strain in situ, but it is still
constrained to the thread hole positions on the piezo stage.

3.2.2 Preliminary Design 2
The second design idea had many similarities to the first one, however, it swaps which
part, the fin or the material clamp, is situated on the piezo stage. This trade changes quite a bit
with how the two would be situated in the final design. The advantage of the fin being adjustable
is even greater with it being off the piezo stage as
the extension from the platform could be made to
move in multiple directions. The 2D material would
need to be raised up off the piezo stage to ensure it
does not hit the edge of the device when bent
downward. The fin being positioned off of the piezo
stage is the design that was implemented on the
Figure 6. Preliminary Design 2

final design.
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3.2.3 Preliminary Design 3
The third design differs much more from the first two in terms of how the overall device
is mounted, and it gives a different way to achieve a great amount of strain on the 2D crystals.
This design better employs a mounting system using
more space within the fork, and the device is safely
mounted with a bolt going through the rod and
threaded in the holes of the fork. This system of
mounting is much more desirable than the clamp
since it provides more security that the system will
be stable. Having 2 places for the material to be
clamped was a different way to put strain on the
substrate than as a cantilever beam. The material

Figure 7. Preliminary Design 3

would be clamped at both ends with the piezo stage bending it as it is extended. This would put
the most strain at the center, between the two clamps, however, it would not be as controllable as
is using a cantilever design for the strain. Since the controllable, in situ, strain is more desirable
than the maximum strain capable, the cantilever design is carried on to the final drawing.

3.3 Detailed Design
3.3.1 Early Iteration
Figure 8 shows the mount after a few iterations of the design. First and foremost, the
piezo stage is now flipped upright and sitting in a cradle to make the device easier to use and
more accessible. Although some space is lost flipping the mount, the strength and feasibility far
outweigh those cons. The fin, as stated earlier, is positioned off of the nanopositioner; it is now
made up of 3 separate parts, a top and two feet, to allow for different configurations of strain to
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be applied on the substrate that is acting as a cantilever beam. All parts are made of copper in
this iteration. This is because of copper’s relatively high thermal conductivity which allows for
any excess heat to be quickly distributed evenly. The rod mount is implemented with clearance
for a #10-32 bolt similar to how other devices have
been mounted to the fork in the lab. The “wire
chips” are representing wiring that will need to be
connected to send voltages changing the height of
the piezo stage while observing the 2D crystals.
The piezo stage is fastened to the bottom of the
cradle using M2.5 bolts, and the material mount is
fastened to the piezo stage using M2 bolts, all of
Figure 8. Early Iteration

which were made specifically for this particular

nanopositioner [24]. The fin is assembled using #0-80 nuts and bolts, capable of sliding laterally
and vertically as mentioned to give variability of how much strain is put on the substrate.

3.3.2 Final Design
There were still a few issues with the machinability of
the early detailed iterations. The main concern came with the
cradle as it would call for either a 1.5 inch thick block to be
gutted, or the edges would need to be thinned to allow for
bending into shape. The large block is extremely costly and
wasteful of the material. Bending the edges would work,
however, it takes away from the strength and reliability of the
mount which is not worth sacrificing. Therefore, the cradle was Figure 9. Final Design Floating
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broken into 3 sections that would be fastened together
using M2.5 bolts, this is shown in Figure 9 and the
cradle parts are the first 3 parts of Appendix B. The
middle of the cradle was made as thick as possible to
ensure strength in the mount. The top and bottom parts
of the cradle were squared off, removing round edges to
help with the machinability of those parts. The parts of
the fin are fabricated out of aluminum in the final design
because aluminum still has a high thermal conductivity
Figure 10. Final Design in Sleeve

but the fin does not necessarily need the strength of

copper. A large difference in the final design is the top of the material mount being much larger
than previously intended. This is for a safe place for the wiring chips to sit and not hinder the
piezo stage or fin, and the system sitting on top of the nanopositioner is still well under the
maximum 200 grams. Figure 10 shows how the mount is lined up compared to the sleeve that
will be over it while operating in the PPMS. The device as a whole fits within the given
parameters for both cryostats possessing ways to mount to each as desired.

3.4 Fabrication Process
As stated in section 3.3, the parts being fabricated for this project are made out of copper
and aluminum. Parts 1-7 from Appendix B are being fabricated through the use of a CNC milling
machine provided by the University of Arkansas physics department. The aluminum and copper
material, along with any nuts and bolts needed, are provided by the Churchill lab and had
previously been obtained from previous projects. The piezo nanopositioner was purchased by the
Churchill lab and contains many of the necessary bolts needed to assemble the mount.
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4. Tests and Analysis
A FEA test was performed using Solidworks to verify the amount of strain that will be
allocated to the 2D material when the substrate is bent a certain distance. The material in the
simulation was assumed to be a polyimide
film with very similar characteristics as
Kapton. The 2D crystals are situated on the
Kapton in a way where it is assumed they
Figure 11a. Kapton FEA Analysis Displacement

will experience the same strain as the
Kapton close to the clamped edge. Figure
11a shows the displacement of the material
as a force is placed such as the force the
fin would place on it as the piezo stage

Figure 11b. Kapton FEA Analysis Strain

raised the material in question. With the

displacement at the maximum 5 millimeters, the strain is greatest directly next to the clamp,
close to where the 2D material is to be positioned. Shown in Figure 11b, the simulation found the
greatest strain to be slightly over 2%, which agrees with the analytical calculation of the strain,
found in Appendix E, at the same point within a reasonable error. Figure 11 gives results when
the material is in tension, but the same can be studied for compressions.
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5. Conclusion
5.1 Results
The final assembly of the design is shown in Figure 12. There were very small
modifications needed to completely assemble the mount. The first was ridding the design of
#0-80 nuts and bolts because the miniscule size became
extremely difficult to handle. To do this, M2 threads were
put into the top of the fin and the feet of the fin’s legs.
There is minor concern that the aluminum may be too soft
for these threads, but because of the small forces exerted on
them, the threads were not an issue. The slots within the
bottom of the cradle and on the legs of the fin then needed
Figure 12. Final Assembly

to be widened to best fit the new M2 bolts which was done

quickly using a hand file. After these simple modifications, the mount was fairly easy to
construct only using M2 and M2.5 bolts.
Unfortunately, the final design did not work as expected for use within the PPMS. It was
capable of placing strain in both directions as designed, but there was some miscommunication
that caused the design to need a few adjustments to work
flawlessly in the cryostats. First, the material is to be mounted
using on-hand wiring chips, shown in Figure 13, rather than
being pressed between 2 copper plates. It will be held together
through the use of glue and the necessary wiring. This changes
how some of the parts are designed including the material mount Figure 13. Material Mount
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in Figure 13 which will need to be slightly adjusted to directly
mount on the piezo stage while securing the material. Also, the
legs of the fin will need to be extended to reach the new
location of the material substrate. The other change comes from
the thermal conductivity needed for the mount. The bottom
cradle will need to set flush with where it connects to the
cryostat. This is not a problem when connecting to the fork
cryostat, however, when mounting to the other, the bolt heads
setting on the bottom can be a problem. To solve this, the
Figure 14. Design Alteration

bottom of the cradle is to be changed to allow room for the bolt
heads to sit inside without obstructing the 2 surfaces. With the
bottom of the cradle being altered, there are slight changes that
need to be made to the middle and top pieces of the cradle as
well. These modifications are visible in Figure 14 and
Appendix C. The new drawings have been fabricated and the
device is ready for trials once the Churchill lab is in need of the
application. The mount has been tested to fit in the fork
configuration of the “Fridge” PPMS, and there are no issues
with the mechanical design of the mount that prevents it from

Figure 15. Revised Mount

fitting within the parameters of the cryostat.

Although the first fabrication was not a success, the designs for the mounting system of
the piezo stage and material were achieved. The maximum strain on the material has been found
to be slightly over 2% using analytical and simulated approaches. Experimentally, the strain can
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be found using a strain gauge and comparing that to the other
approaches. The compatibility issues that arose in the first
fabricated device were quickly corrected, and the new design
adequately mends these concerns. The finished device was
not able to be fully tested, but Figure 16 shows the mount
fitting onto the fork as designed.

Figure 16. Mounted Device
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Appendix B
Drawing Package
Part 1. Cradle Bottom
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Part. 2 Cradle Middle
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Part 3. Cradle Top
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Part 4. Fin Bottom
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Part 5. Fin Top
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Part 6. Material Mount Bottom
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Part 7. Material Mount Top
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Appendix C
Revised Drawing Package
Part 1. Cradle Bottom
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Part. 2 Cradle Middle
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Part 3. Cradle Top
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Part 4. Fin Bottom Left
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Part 5. Fin Top
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Part 6. Fin Bottom Right
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Part 7. Material Mount Top
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APPENDIX D
Manufacturability
Tool List (provided by the Churchill Lab and University of Arkansas)
● Copper plates
● Aluminum plates
● Piezoelectric Nanopositioner
● M2 and M2.5 bolts
● CNC milling machine
● Drill Press and Bits
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APPENDIX E
Strain Calculations
All data is calculated in meters, and the initial values are derived from the simulation by
Solidworks to compare equal scenarios. Equation 8 is used to calculate the strain that is to be
compared to the strain found through the Solidworks simulation

ℎ = 0. 0005 m
δ = 0. 006151 m
𝐿 = 0. 01397 m
𝑥 = 0m
ε=
ε=

3ℎδ
2

2𝐿

(1 −

3*0.0005*0.006151
2

2*0.01397

𝑥
𝐿

)

(1 −

0
0.01397

)

ε𝑡 = 0. 02364 = 2. 364 %
The following strain was found through Solidworks simulation which is then compared to
find the error between that and the above theoretical calculation of strain.

ε𝑠 = 0. 02182 = 2. 182%
| ε −ε |
𝐸𝑟𝑟𝑜𝑟 = | 𝑡ε 𝑠 | * 100%
| 𝑡 |
2.364−2.182
𝐸𝑟𝑟𝑜𝑟 = || 2.364 || * 100%

𝐸𝑟𝑟𝑜𝑟 = 7. 692%
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